Broadband parametric acoustic arrays appear to offer advantages for shallow water sub-bottom profiling. In this paper, the performance of a broadband parametric acoustic array system was experimentally evaluated. In tank experiments using the nonlinear parabolic wave (KZK) equation, the directivity, source level, parametric acoustic array length, and penetration depth were evaluated. Based on Berktay's far-field solution, the system's emission signal was designed. According to sea trials of the broadband parametric acoustic array system as designed, a clear sub-bottom profile was obtained. Moreover, buried pipelines in the seabed were effectively detected, verifying the system's effectiveness.
Introduction
In traditional sub-bottom profiling systems, due to the limitations of the linear sound source, the detector beam is relatively wide and has low resolution. To obtain a lowfrequency sound source with high directivity, a transducer with a larger aperture is needed. erefore, it is difficult to satisfy the device portability requirement in actual application. Based on a parametric acoustic array system of nonlinear sound sources, a small-aperture broadband beam with low frequency, high directivity, and without sidelobes can be realized. e parametric acoustic array system is very suitable for high-resolution detection of seabed stratigraphic profiles and represents an important development direction in sub-bottom profile detection technology [1] .
e basic theory of parametric acoustic arrays was first proposed by Westervelt in the 1960s [2, 3] . Later, Berktay further deduced the relative emission theory of parametric acoustic arrays and promoted their application [4] . Because it offers a low-frequency sound source with a narrow beam and no sidelobes, the technology has been used in subbottom profiling [5] , industrial flaw detection [6] , medical examination [7] , biological detection [8] , target tracking [9] , and underwater acoustic communication [10, 11] . However, its most mature application in underwater acoustics is still the sub-bottom profiler [12] [13] [14] . To satisfy measurement requirements at different depths, a single-frequency difference frequency signal is generally used in current parametric array sonar systems, and the original frequency is relatively low. During offshore detection, because the frequency is low, the parametric array will be truncated, which impacts farfield directivity. Moreover, because the signal bandwidth is insufficient, it is difficult to carry out high-resolution detection on the seabed.
To meet the demand for high-resolution offshore detection, especially for detecting profiles within 10 m of the seafloor sediment and detecting buried objects, a broadband parametric array system was designed in this study. By using a 20-30 kHz difference frequency signal generated by the 300 kHz original frequency, the vertical resolution can be effectively improved. Based on Berktay's envelope modulation theory and the KZK (Khokhlov-ZabolotskayaKuznetsov) equation combined with tank experiments, the performance of the broadband difference frequency sound source was evaluated under various conditions, and the detection effect was deduced. Finally, sea trials were carried out for the system, and effective detection results were obtained. While parametric acoustic array has been received considerable attention over the past decade, relatively few engineering details have surfaced about a whole broadband parametric acoustic array system [15] [16] [17] [18] [19] [20] .
e key engineering issues and performance of the whole broadband parametric acoustic array system are presented in this paper.
Theory
In the linear theory, there is no interaction when two sound waves at different frequencies are superposed. e total sound field is equal to the linear superposition of the two sound pressures. In the nonlinear theory, for sound waves f 1 and f 2 at different frequencies in a nondispersive medium, each sound wave is disturbed by the other one when it propagates in the medium. Interaction occurs when two sound waves at different frequencies are superposed. Besides the original frequency wave, the sum frequency wave at frequency f 1 + f 2 , the difference frequency wave at frequency f 1 − f 2 , and harmonic frequency waves at frequencies nf 1 and nf 2 (n � 2, 3, . . .) all exist. During propagation, the original frequency wave generates acoustic scattering continuously.
is forward scattering is repeatedly superposed on the sound scattering produced earlier, and as a result, it is gradually enhanced. e process can be regarded as involving a volume array consisting of virtual sources of various secondary sound fields in space. is volume array is called a parametric array. In the secondary sound field of the parametric array, the difference frequency sound field has attracted the most attention in sonar engineering.
Let us assume that the medium is an ideal fluid and that only one attenuation coefficient is introduced to characterize the attenuation effect of the medium on the sound wave. It is also assumed that the original frequency wave and the difference frequency wave propagate with small amplitude. e continuity equation, momentum conservation equation, and equation of state can be combined, and a second-order approximation, the Westervelt nonlinear equation, can be deduced [3] :
where p is the sound pressure, c 0 is the sound speed in the medium, ρ is the medium density, t is the time, and q is the source strength density. Based on the study of the input broadband signal, Berktay proposed an amplitude modulation method. It is assumed that the emission signal is p(t) � p 0 E(t) cos(ω 0 t), where p 0 is the amplitude of the sound source at the original frequency and E(t) is the envelope of the emission signal, whose frequency should be much less than the original frequency ω 0 . en, the sound pressure at position x on the sound axis can be expressed as follows:
By substituting into equation (1), the sound pressure of the difference frequency at position r on the far-field sound axis can be obtained:
where β is the nonlinear coefficient, s is the area of the transmitting transducer, and α 0 is the attenuation coefficient of the original frequency wave. Berktay's theory can be used only to calculate the far-field solution on the sound axis. e KZK equation can more completely describe the nonlinear effect of the sound field at different positions, including near and nonaxial sound fields:
where τ � t − z/c 0 is the delay time and Δ is a Laplace operator. In the following discussion, the emission signal of the parametric array is designed according to equation (3), and the simulation result is analyzed by equation (4). Equation (3) shows that the sound pressure amplitude of the difference frequency wave on the axis is proportional to the second-order derivative of the square of the envelope signal versus time and that the results are valid in the weak nonlinear far field. Assuming constant total power and amplitude modulation, compared with a dual-frequency parametric array, the gain of the difference frequency signal of the broadband parametric array has improved by 2.1-6.0 dB [21] . Equation (3) also illustrates that the spectral range of the difference frequency signal can theoretically double the emission signal envelope. As a relatively highfrequency signal, the emission signal can easily generate a wider broadband using current underwater acoustic transducer technology. As a relatively low-frequency signal, the difference frequency signal also has wide broadband and sharp directivity, which cannot be achieved by the common low-frequency transducer.
Tank Experiments
To study the performance of the broadband parametric array system, several experiments were carried out in a water tank. Figure 1 shows that the length, width, and height of the water tank were 10 m, 5 m, and 5 m, respectively. Soundabsorbing materials were laid on the walls and bottom. e center frequency of the parametric array emission system was 310 kHz, and the bandwidth at −3 dB was 120 kHz. e transducer diameter was 10 cm, and the receiving equipment was a B&K8103. e emission depth and the receiving depth were both 1.5 m. e oscilloscope was a Tektronix 2014B. e active power filter was a NF3828, and the low-pass filter was an eighth-order Butterworth filter.
Directivity.
With a small aperture, a signal with high directivity and without sidelobes was obtained. Compared with the linear system, this is the greatest advantage offered by the parametric array system. To evaluate the system's directivity, the directivity of the original frequency wave at 300 kHz was first measured. en, according to equation (3), under excitement of the envelope at sine single frequencies of 20 kHz, 10 kHz, and 5 kHz in turn, difference frequency signals at 40 kHz, 20 kHz, and 5 kHz were obtained, and the directivity was also measured. Figure 2 shows the normalized amplitudes of the original frequency wave and the di erence frequency wave. e di erence frequency wave maintained the narrow-beam performance of the original frequency wave at 300 kHz, or in other words, the eld angle at −3 dB of the original frequency wave was about 2.6°at 40 kHz. At a frequency of 20 kHz, it was about 3.4°, and at 10 kHz, approximately 4°. e di erence frequency wave is generated by interaction with the original frequency wave in the medium. When the frequency of the original frequency wave is high, that is, the eld angle of the transmitting transducer is narrow and the beam angle is small, the interaction region will be narrow. Moreover, the virtual source array is generally long in the di usion model. e di erence frequency wave can maintain the sharp directivity of the original frequency wave. e beam angle of the parametric array can be estimated by the following formula:
where α 1 and α 2 are the sound attenuation coe cients of the original frequency, α is the sound attenuation coe cient of the di erence frequency, and k d is the wavenumber of the di erence frequency. Equation (5) shows that the higher the frequency of the di erence frequency wave, the narrower the beam angle becomes, which accords well with experimental results. Because of the high directivity of the sound wave, the footprint of the wave beam on the seabed is smaller, and the horizontal resolution of the device is improved. Moreover, it is bene cial for suppressing reverberation.
Source Level.
A defect of parametric array technology is its low conversion e ciency. Due to the lower source level of the di erence frequency, this needs to be taken into special consideration in practical applications. Assuming an average instantaneous electric power of 3200 W and an original frequency source level of 232 dB, the sound pressures of the di erence frequency signal at 10 kHz, 20 kHz, 30 kHz, and 40 kHz in the axial direction 5.6 m away from the transmitting transducer were measured. Figure 3 shows the source levels of the di erence frequency signal. e test results in tank experiments were basically consistent with the simulation results using the KZK equation. In practical application, the conversion e ciency is slightly lower at lower di erence frequencies. It is worth mentioning that due to tank size limitations, the parameter array length was not fully expanded when the measured distance was 5.6 m. Figure 3 shows the simulation results using the KZK equation when the parametric array is completely expanded in an in nite space. e conversion e ciency is higher than when the parametric array length is not fully expanded.
Parametric Array Length.
e sound eld of the parametric array is an accumulation eld. To form completely, it requires a certain distance, which is called the array length. e parametric array length is an important design parameter for parametric arrays. Generally, only when the measured target is outside the speci ed distance is the sonar of the parametric array in its optimal working condition. When the parametric array is not fully expanded, the source level and directivity will both be in uenced. According to equation (3), the original frequency wave at 300 kHz was superposed on the single-frequency sine envelope signal at 15 kHz to obtain the di erence frequency signal at 30 kHz. At an average instantaneous electric power of 3200 W, Figure 4 shows the simulated and measured results for the source level of the di erence frequency signal at di erent positions. e simulation results are basically the same as the measured results, with a stable value of the di erence frequency source level in the far eld of 194 dB. According to the evaluation method for parametric array length proposed 
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by Mo ett and Mellen [22] , when the di erence between the source levels in the near and far elds is less than 1 dB, it is considered that the parametric array at the position has completely formed. During the measurement, a source level that uctuates within about 0.5 dB is considered to be stable, and the parametric array is considered to be completely formed. At 194 dB, the corresponding array length was 19.25 m. is design broadband parametric array length is well suited to o shore detection and can e ectively avoid truncation of the parametric array.
Penetration Depth.
By the sonar equation, the operating distance can be estimated:
where SL is the source level, TL is the transmission loss, TS is the target strength, NL is the noise level, DI is the directivity index, and DT is the detection threshold. When the source level of the original frequency is 232 dB, it is assumed that the sea state is at level 2-3, the noise spectrum level is 37 dB at 300 kHz, and the bandwidth is 120 kHz. DT and DI are 6 dB and 16 dB, respectively. At 15°C, the corresponding sound attenuation coe cient is 23.4 dB/km. Because the working range of the acoustic wave at the original frequency is consistently greater than 1 km, when the broadband parametric array sonar is applied, the sound wave at the original frequency can be used to perform depth sounding on the shallow seabed. Because the original frequency beam is narrow and the frequency is high, the system is suitable for sea oor imaging within the working range. According to the source levels shown in Figure 3 , it was assumed that the water depth was 50 m, and then the penetration depth could be calculated, as shown in Table 1 .
e sub-bottom pro le and buried objects can be detected by choosing a suitable di erence frequency as needed.
Broadband Di erence Frequency Signal.
In accordance with Berktay's far-eld solution, the envelope of the emission signal was set equal to the linear modulation frequency (LMF) signal:
where T is the pulse width, k is the wavenumber, and rect(t/T) is the rectangular function:
e instantaneous frequency of the signal is
When the modulation frequency range is 2.5-15 kHz, T and k are set to 0.719 ms and 1.7 × 10 7 , respectively. Figure 5 shows the normalized frequency spectrum.
e frequency of the original frequency signal is 320 kHz, and the envelope is the LMF signal described above. Figure 6 shows the simulated and tank experimental results for the di erence frequency signal acquired at the receiving end. Clearly, the experimental and simulated results are very close. e source of the small error is a certain error that occurs in the measured sound pressure on the sound axis due to the narrow beam of the parametric array. According to the frequency calculation formula (equation (3)), the frequency spectrum of the difference frequency signal will expand from the frequency spectrum of the envelope signal in the 2.5-15 kHz range to 5-30 kHz. Moreover, the amplitude at low frequency will be less than at high frequency. ese characteristics are reflected in the signal from the tank experiments.
In practical application, the difference frequency signal of the echo can be used to detect sub-bottom profiles and buried objects. By introducing a suitable broadband signalprocessing method, the vertical detection resolution can be effectively improved. In particular, this method is appropriate for complex layers in sediment. A previous simulation demonstrated that by using frequency spectrum modification and pulse compression technology at the receiving end, the effective resolution range of a broadband parametric array for buried objects in shallow water was 0.1 m [5] .
Single-Channel Blind Signal Separation Algorithm.
Generally, the transmitter-receiver of a parametric array system is a single channel. In this study, using a single-channel blind signal separation algorithm, the geoacoustic signal was extracted from ship noise and ambient ocean noise.
Let us consider the received signals as the signal S j generated by n sources and forming an output x in the single receiver. e noise also serves as one of the signal sources, and the observable output of the receiver can be expressed as
where a j is the mixing coefficient. By the single-channel blind source separation algorithm, a virtual multichannel was constructed by addition of each channel signal with a certain time delay. e mathematical expression for this is as follows [23] :
where x j is the virtual channel signal at time delay τ. e response of each virtual sensor is constructed as h j , and then the virtual receiving matrix can be expressed as
In practical application, the parametric array data were extended to three channels. en, the source signal was estimated using the FastICA algorithm. Based on the approach of estimating the SNR based on the frequency spectrum and comparing the frequency spectrum energy, the signal with larger SNR was extracted as the desired signal. For details of this simulation, the reader is referred to Guo et al. [24] . e results show that the SNR processed by this method is slightly worse than that obtained with correlation filter processing. However, correlation filter processing widens the time width of the received pulse signal, blurring details in the diagram, whereas the method used here preserves the detailed features of the original signal. Similar results were obtained when processing offshore experimental data, as described in the following section.
Sea Trials
To verify the effectiveness and characteristics of broadband parametric array technology for sub-bottom profiling in shallow seas, experiments were carried out in the Zhoushan area of the East China Sea from July 18 to 20, 2014. e parametric array system used was assembled using the same parametric array equipment as for the tank experiments, as shown in Figure 7 .
In the sea trials, the broadband difference frequency signal used was the linear frequency modulation signal. e frequency modulation range for the emission signal envelope was 4-12 kHz. For the LFM difference frequency signal obtained by demodulation, the frequency range should be 8-24 kHz. e signal was emitted three times per second, and the sampling frequency was 224.7 kHz. e noise source was mainly line spectrum noise generated by the engines of the trial vessel.
e received difference frequency echo signal first passed through the filter and was then processed by the single-channel blind signal separation algorithm. Finally, the signal from the seabed was obtained. Figure 7 shows the profile of a sandy seabed in a shallow sea using a pulse signal with a frequency modulation duration of 0.75 ms. Figure 8 shows a clear layered structure. e original signal includes obvious line spectrum noise. rough processing by the single-channel blind signal separation algorithm, the noise was dramatically suppressed, while the details of the source signal were maintained. Detection of the sandy bottom by the equipment was good.
With regard to sub-bottom profiling, experiments were also carried out to detect buried objects on the seabed. In this region, pipelines have been laid on the seabed; some of the pipelines were covered with cement when laid, but others were not. Generally, the burial depth was less than 3 m. When detecting a subsea pipeline, the emission signal Shock and Vibrationenvelope frequency was 9 kHz, and the duration was 0.8 ms. e signal was emitted three times per second, and the demodulation signal frequency of the di erence frequency should be 18 kHz. e received echo di erence frequency signal rst passes through the lter and then is correlation processed. Finally, the envelope is obtained by Hilbert transform, and pseudocolor images are obtained. Figure 9 shows the pipeline detection results.
According to the detection results, it can be concluded that the pipeline is fully buried and that the burial depth is about 0.8 m. ere is no cement around the measurement position. Investigation revealed that the pipeline was utility piping newly laid on the seabed in recent years. e parametric array survey can reveal whether a pipeline is buried, as well as its buried state. Furthermore, the burial depth can be estimated. 
Conclusions
is paper has discussed the use of a broadband parametric array for sub-bottom pro ling.
e fundamentals of broadband parametric array technology were introduced, and a set of broadband parametric array systems was designed. rough tank experiments, a performance evaluation was carried out on the system's directivity, source level, and parametric array length. e system possessed the following characteristics: (1) with a small transducer aperture, a broadband beam with low frequency, high directivity, and without sidelobes was realized; (2) parametric array lengths of less than 20 m were found to be well adapted to o shore detection; (3) compared with the double-frequency parametric array, there were certain advantages in the difference frequency signal gain and in high-resolution detection; (4) by combining the proposed method with a single-channel blind signal separation algorithm, the SNR of the echo signal could be substantially improved. In sea trials, the results of sub-bottom pro ling and buried pipeline detection veri ed the e ectiveness of the system for sea oor detection in shallow seas.
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